Approximately 50% of neurons produced during embryogenesis die by apoptosis (Oppenheim, 1991) . This programmed death is characterized by atrophy, internucleosomal DNA fragmentation, dependence on caspase activity (Alnemri et al., 1996) and, in many cases, dependence on protein synthesis (Martin et al., 1988; Deckwerth and Johnson, 1993; Deshmukh et al., 1996) . Availability of a sufficient quantity of a required neurotrophic factor provided by target, or other tissues, is a primary determinant of which neurons survive the period of developmental apoptosis (Oppenheim, 1991) . Only those cells that obtain sufficient quantities of the neurotrophin live.
The prototypical model for investigating the cellular and molecular events underlying apoptosis during neurogenesis is embryonic sympathetic neurons in cell culture (Martin et al., 1988) . These neurons undergo apoptotic death, either in vivo or in vitro, when they do not obtain enough of their required neurotrophic factor, nerve growth factor (NGF). Release of cytochrome c from the intermembrane space of mitochondria into the cytoplasm is central to the apoptotic death of many cell types, including NGF-deprived sympathetic neurons (Reed, 1997; Deshmukh and Johnson, 1998; Martinou et al., 1999) . Once in the cytoplasm, cytochrome c activates caspase proteases (Alnemri et al., 1996) , presumably by binding onto the caspase regulatory protein, apoptosis protease activating factor-1 (Apaf-1), or a related protein (Li et al., 1997) . Caspases, in turn, cleave many important substrates and are directly responsible for cellular demise.
Suppression of protein synthesis has a potent anti-apoptotic effect on NGF-deprived sympathetic neurons (Martin et al., 1988) . Recent evidence shows this effect is entirely mediated via block of cytochrome c release from mitochondria (Deshmukh and Johnson, 1998; Neame et al., 1998) , implying that protein synthesis suppression blocks production of one or more proteins that are required for cytochrome c redistribution. In this report, we present evidence suggesting an alternate mode of protection by protein synthesis blockade. Withdrawal of NGF from rat sympathetic neurons caused elevated levels of mitochondrialproduced reactive oxygen species (ROS). These ROS caused a cellular pro-oxidant state that appeared to be necessary for cytochrome c release. Inhibition of protein synthesis increased cellular glutathione (GSH) concentration (Ratan et al., 1994) and, thereby, inhibited ROS accumulation (Tan et al., 1998) . Thus, much of the anti-apoptotic effect of blocking protein synthesis in NGF-deprived sympathetic neurons may be caused by antioxidant inhibition of cytochrome c discharge from mitochondria rather than by block of pro-apoptotic protein production.
MATERIALS AND METHODS
Reagents. Monochlorobimane, Mitotracker Red C MX Ros, 2Ј, 7Ј-bis(2-carboxyethyl)carboxyfluorescein (BCECF), and 5-(and-6)-chloromethyl-2Ј, 7Ј-dichlorodihydrofluorescein diacetate (C M-H 2 DCF DA) were purchased from Molecular Probes (Eugene, OR). C aspase inhibitor, boc-aspartyl(OMe)-fluoromethylketone, was purchased from Enzyme Systems Products (Livermore, CA), and nerve growth factor 2.5S was purchased from Harlan Bioproducts (Indianapolis, I N). Radioactive amino acids were purchased from IC N (Costa Mesa, CA). U74500A was a gift from Pharmacia and Upjohn (Kalamazoo, M I). All other reagents were purchased from Sigma (St. L ouis, MO) unless otherwise stated.
Cell culture and survival assay. Superior cervical ganglia were dissected from embryonic day 20 or 21 Sprague Dawley (Harlan Bioproducts) rat fetuses. Neurons were dissociated from the ganglia as described (Johnson and Argiro, 1983; Franklin et al., 1995) . C ells for survival and protein synthesis assays were plated on a collagen substrate in 24 well Costar tissue culture dishes (Corning, Corning, N Y) . C ells to be used for fluorescent or confocal microscopy experiments were plated on a collagen substrate coated on number 1 glass coverslips glued with SIL ASTIC medical adhesive (Dow Corning, Midland, M I) over holes cut in the bottoms of 35 mm Falcon tissue culture dishes (Beckton Dickinson, Franklin Lakes, NJ) . Approximately one-half ganglion was plated per culture well for all experiments except for whole-culture GSH assays in which three to five ganglia were plated per culture (in 35 mm culture dishes). Cultures were maintained in medium containing Eagle's minimum essential medium with Earle's salts (Life Technologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 g /ml streptomycin, 20 M fluorodeoxyuridine, 20 M uridine, 1.4 mM L-glutamine, and 50 ng /ml 2.5S NGF.
Cultures were deprived of NGF by incubation in the standard culture medium lacking NGF and containing a polyclonal NGF-neutralizing antibody (Harlan Bioproducts; Franklin and Johnson, 1998) . At the end of all survival experiments, treatment media was replaced with standard culture medium containing NGF. After 5-7 d in this medium, cultures were fixed by exposing them for 30 min at 4°C to 4% paraformaldehyde in PBS, pH 7.2. They were then stained with 0.1% crystal violet to enhance visualization (Franklin et al., 1995) . Counting by a naive observer determined number of surviving neurons. All counts were normalized to the number of neurons in sibling cultures maintained since the time of plating in standard culture medium containing NGF. Adding NGF back to the culture medium after survival experiments resulted in significant hypertrophy of living neurons while dead ones degenerated, allowing unambiguous determination of cells saved from death by the various experimental treatments. Therefore, the moment of death in this rescue paradigm was the time at which readdition of NGF no longer promoted long-term survival. All experiments were begun when cells had been in culture for 6 -9 d.
Confocal and fluorescent microscopy. For confocal microscopy, neurons were visualized with a 60ϫ plan oil immersion lens (numerical aperture 1.4) on an inverted microscope (Nikon Diaphot 200). Confocal imaging was accomplished by a Bio-Rad (Hercules, CA) MRC 1024 confocal laser-scanning microscope equipped with a mixed gas argon -krypton laser. The scan head of the confocal microscope was mounted transversely onto the inverted microscope. The laser emitted three strong lines in exact coalignment at 488, 568, and 647 nm. A motorized wheel with neutral density filters was controlled by computer software to vary laser intensity. The microscope and its settings were controlled by 24 bit MRC -1024 Laser Sharp software (version 3.0; Bio-Rad) running on a Compac Prosignia 300 computer.
Neurons, chosen at random with phase-contrast microscopy, were scanned by the confocal microscope at 512 ϫ 512 pixel resolution. Digitized images were stored on computer hard drives or zip drives (Iomega, Roy, UT) for later analysis. Generally, eight separate fields of view were scanned per plate. Image quantification was accomplished by measuring raw pixel intensity of stained neuronal somas with Sigmagel software (SPSS, Chicago, IL) set to square spot operation mode. In all cases, the quantified spot covered a 60 m 2 area of the soma. Because we were interested in cytoplasmic changes, nuclei were excluded from measurements. The measured intensity of each neuron was normalized to that of control neurons maintained in the standard culture medium containing NGF and receiving the same concentration of dye for the same period as did the experimental cells. Control neurons were always from the same plating as the experimental cells. Presentation versions of saved images were prepared with Adobe Photoshop 5.0 (Adobe Systems, San Jose, CA).
All fluorescence microscopy was accomplished with a Nikon TE300 inverted microscope. Light was provided by a mercury lamp, and images were captured by a cooled CCD camera (MicroM AX; Princeton Instruments, Trenton, NJ) using Metamorph software (Universal Imaging Corporation, West Chester, PA) running on a Compaq 400 M Hz computer. Filter cubes were changed manually. The 380 Ϯ 15, 440 Ϯ 15, and 490 Ϯ 15 nm excitation filters were controlled by a Lambda 10 -2 optical filter changer (Sutter Instruments, Novato, CA). Fluorescence intensity was measured in a 33 m 2 area of the soma of each cell with the Metamorph elliptical region tool. All microscopy was done at room temperature. ROS measurement. We used the redox-sensitive dye C M-H 2 DCF DA. This dye is nonfluorescent in reduced form and is readily membranepermeant. Once in a cell, esterases cleave its acetate groups. The thiolreactive chloromethyl group then binds to cellular thiols trapping the dye inside the cell where oxidation converts it to the fluorescent form. C M-H 2 DCF DA is oxidized by cellular hydrogen peroxide, hydroxyl radicals, and various free radical products lying downstream from hydrogen peroxide. It is relatively insensitive to oxidation by superoxide (Royall and Ischiropoulis, 1993) . However, because hydrogen peroxide is produced by dismutation of superoxide (Halliwell and Gutteridge, 1999) , C M-H 2 DCF DA serves as an indirect indicator of superoxide production. Therefore, in this report, when we refer to ROS detected by this dye we denote mostly hydrogen peroxide, hydroxyl radicals, or their downstream free radical products.
Most cultures were incubated for 20 -25 min at 35°C in the appropriate experimental medium containing C M-H 2 DCF DA (10 M). They were then washed two or three times with Leibovitz's L -15 medium containing the experimental treatments and left in the last wash for confocal microscopy. To determine how well the dye was retained, cells loaded with C M-H 2 DCF DA were treated with 10 mM H 2 O 2 to oxidize the dye. After 20 min of this treatment, C M-H 2 DCF DA intensity was determined, and the H 2 O 2 was washed out. The average fluorescence intensity of these neurons was about the same 30 min after washout as it was 20 min after the beginning of the treatment (4.8 Ϯ 0.41-fold and 5.0 Ϯ 0.29-fold increases before and after washout respectively; p Ͼ 0.55 by t test; n ϭ 28 -32 neurons). Thus, there appeared to be no significant leakage of dye from cells. We also found that C M-H 2 DCF DA was relatively insensitive to photo-oxidation when laser intensity was kept at low levels, also making it superior to earlier versions of the dye (data not shown). For the experiments described here, C M-H 2 DCF DA was also superior to the redox-sensitive dye dihydrorhodamine. Staining with the latter dye, unlike C M-H 2 DCF DA, depends on mitochondrial membrane potential, which changes during the apoptotic process (Neame et al., 1998) . Cultures treated with N-acetyl-L-cysteine (L-NAC) were loaded with C M-H 2 DCF DA in medium lacking L-NAC out of concern that interaction of C M-H 2 DCF DA with L-NAC thiols might lower loading concentration. After treatment with the dye, cultures were returned to L -15 medium containing the appropriate L-NAC concentrations. The C M-H 2 DCF DA was excited with the 488 nm line of the confocal laser. The FI TC photomultiplier of the confocal scope was used for image acquisition.
Immunoc ytochemistr y. Neurons were immunostained for cytochrome c by a modification of the techniques described by Easton et al. (1997) , Putcha et al. (1999) . At the end of experiments, cells were fixed for 30 min at 4°C with 4% freshly made paraformaldehyde in PBS, pH 7.2. Cultures were then washed three times with Tris-buffered saline containing 100 mM Tris-HC l, pH 7.6, and 0.9% NaC l. Washing was followed by incubation for at least 30 min at room temperature in blocking buffer (Tris-buffered saline containing 0.3% Triton X-100 and 5% normal goat serum). Cultures were then incubated overnight at 4°C in the same solution containing the anticytochrome c primary antibody (200 ng /ml; PharMingen, San Diego, CA). After washing three times with blocking buffer, cultures were incubated for 2-4 hr at 4°C in blocking buffer containing an FI TCconjugated anti-mouse secondary antibody (1.7 g /ml; PharMingen). Cultures were then washed two times with Tris-buffered saline, left in this medium, and viewed by fluorescence or confocal microscopy.
Glutathione assays. Reduced GSH concentrations were estimated by fluorescence microscopic imaging of single cells stained with monochlorobimane (MCB), a dye that is enzymatically bound to GSH (FernandezCheca and Kaplowitz, 1990) . In most MCB experiments, cultures were stained for 30 min at room temperature in L -15 medium containing MCB (5 M). They were then washed two times in the same medium lacking MCB and left in the second wash for recording the fluorescence intensity of incorporated MCB. During the last 30 min of some experiments, cultures were incubated at 35°in a 5% C O 2 atmosphere in the appropriate experimental medium containing MCB (5 M). No difference in results was noted with the two staining methods. MCB was excited at 380 Ϯ 15 nm. Emission filter was 510 Ϯ 20 nm. This technique allowed determination of relative GSH levels in the somas of individual neurons without interference from GSH in non-neuronal cells.
Total GSH and oxidized (GSSG) glutathione concentrations were determined in whole cultures by a modification of the method of Tietze (1969) . In this assay, the sulf hydryl group of GSH reacts with 5,5Ј-dithiobis-(2-nitrobenzoic acid) (DTN B) to produce yellow 5-thio-2-nitrobenzoic acid (TN B). The mixed disulfide, GSTN B (GSH and TN B) that is produced is subsequently reduced by glutathione reductase to recycle the GSH and produce more TN B. The rate of TN B production is proportional to the recycling reaction which was, in turn, proportional to GSH concentration. Because of the use of glutathione reductase, which reduces GSSG to GSH, this assay measured both GSH and GSSG and, therefore, gave total glutathione concentration. C ells (from three to five ganglia) were lysed in 10 mM HC l by freezing (Ϫ70°C) and thawing at room temperature three times. The resultant lysates were deproteinated to eliminate interference from protein sulf hydryl groups. Deproteination was accomplished by precipitating proteins with 5% sulfosalycilic acid followed by centrif ugation. The supernatant was removed, and pH was corrected to 7.0 with 4.0 N triethanolamine. Absorbance was read at 414 nm with a Bio-Rad model 550 microplate reader. Total GSH plus GSSG concentration was determined from standard curves.
Effects of compounds on protein synthesis. Protein synthesis was assayed by incorporation of radiolabeled amino acids as described (Franklin and Johnson, 1998) . Labeling medium contained the appropriate concentrations of compounds and 10 Ci/ml TRAN 35 S-label (70% L-methionine, 15% L-cysteine) or 10 C i /ml [ 3 H]leucine. pH measurement. Intracellular pH was measured by fluorescence microscopy of cells loaded with the pH-sensitive dye BCECF. Cultures were exposed for 15 min to medium appropriate for the experimental treatments and containing 8 M BCECF. After loading, and 2ϫ washout of the dye with L -15 medium, cultures were exposed to L -15 medium containing the appropriate experimental treatments. The BCECF was alternately excited at 440 Ϯ 10 and 490 Ϯ 10 nm. Emission filter was 515 Ϯ 10 nm. The ratios of emission intensities at the two different excitation wavelengths was determined in a 33 m 2 area of individual cells. As a positive control, intracellular pH was altered by exposing cells to L -15 medium, pH 6.0 -8.0, containing the protonophore nigericin (5 M; Molecular Probes). 
RESULTS
Increased ROS levels in NGF-deprived sympathetic neurons were blocked by protein synthesis inhibition and attenuated by caspase inhibition Elevated levels of ROS occur in rat sympathetic neurons in cell culture within 3 hr of NGF deprivation (Greenlund et al., 1995; Dugan et al., 1997) . This ROS increase appears transient, with levels declining to baseline by 8 hr after NGF withdrawal. Because none of these cells commit to apoptotic death until ϳ18 hr after NGF removal (Deckwerth and Johnson, 1993) , it was of interest to determine ROS levels at later periods. For these experiments we used the redox-sensitive dye 5-(and-6)-chloromethyl-2Ј, 7Ј-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA), which fluoresces upon oxidation. Consistent with the reports of a transient increase in ROS levels after NGF deprivation, average CM-H 2 DCFDA intensity was 1.22 Ϯ 0.18-fold above average control intensity by 3 hr after deprivation but had returned to baseline levels by 6 hr after withdrawal (Fig. 1 A) . By 12 hr after NGF deprivation, average CM-H 2 DCFDA intensity was again well above baseline and continued to increase with time, reaching a peak average of threefold to fourfold above control intensity by 24 -30 hr after withdrawal. Many individual cells showed much larger increases, with CM-H 2 DCFDA intensity rising by as much as 22-fold (Fig. 1 B) . Because intensity of fluorescein-based dyes can be affected by pH (Nedergaard et al., 1990; Reynolds and Hastings, 1995) , we used the pH-sensitive dye BCECF to determine whether cellular pH changed after NGF deprivation. Table 1 shows there were no alterations of pH after withdrawal ( p Ͻ 0.001 compared with pH of cells maintained in NGF). Treatment of CM-H 2 DCFDA-loaded cells with H 2 O 2 (10 mM) for 30 min caused an average 7.4 Ϯ 0.9-fold increase of dye intensity. Therefore, the elevated CM-H 2 DCFDA fluorescence after NGF deprivation was not caused by alterations of cellular pH but was, likely, attributable solely to dye oxidation caused by increased ROS levels. Increased Ros levels in NGF-deprived rat sympathetic neurons in cell culture. A, Average ROS levels, as measured by fluorescence intensity of the redox-sensitive dye CM-H 2 DCFDA, showed a transient early increase after NGF deprivation followed by a later sustained increase. The protein synthesis inhibitor CHX (1 g/ml), blocked both the early and delayed ROS bursts, whereas the pan-caspase inhibitor BAF (30 M) completely blocked the early burst but only attenuated the later one. Data are shown as fold change from control values. B, Single-cell CM-H 2 DCFDA values used for the averages in A. The data from the NGFdeprived cells is above the time point, and the CHX and BAF values for that time point are to the right of these values. There is no data shown for NGF-deprived cultures later than 30 hr after withdrawal because most cells had died by that time. The values shown are from cells that appeared intact when observed by phase-contrast microscopy. Except for the 24 hr time point for NGF deprivation, n ϭ 93-290 neurons taken from three or four separate platings for the different conditions and time points. n ϭ 383 neurons from six separate platings for the 24 hr NGF-withdrawal time point. Control CM-H 2 DCFDA intensity and intensity at T 0 was that of cells maintained continuously in the presence of NGF. For each cell, CM-H 2 DCFDA intensity was normalized (as a percentage) to the average CM-H 2 DCFDA intensity of cells measured in sibling NGFmaintained cultures at the same time. Fold change from the average was then obtained for each cell by subtracting 100 from this and then dividing by 100 ([%CM-H 2 DCFDA intensity Ϫ 100%]/100%). For example, the increase at 3 hr after NGF deprivation was ϳ222% of control. This technique was used in all subsequent figures. Error bars for fold change are SEM in this and subsequent figures.
It was recently shown that inhibition of protein synthesis with cycloheximide (CHX) blocks an increase in ROS that occurs during the glutamate-induced death of a hippocampal cell line (Tan et al., 1998) . To determine whether a similar block occurred in NGF-deprived sympathetic neurons, cultures were exposed to 1 g/ml CHX, a concentration that causes a rapid, sustained, and complete suppression of protein synthesis in these cells and that also blocks apoptosis (Martin et al., 1988; Franklin and Johnson, 1998) . Figure 1 , A and B, shows that CHX caused a profound inhibition of both the early and the late ROS bursts occurring after NGF deprivation. Average CM-H 2 DCFDA intensity in CHX-maintained cultures was at, or below, control levels for at least the first 30 hr after NGF withdrawal. However, by 48 -72 hr after deprivation, CHX had become somewhat less effective at suppressing ROS. Average CM-H 2 DCFDA intensity was 0.28 Ϯ 0.08-fold above control level by 48 hr and 0.66 Ϯ 0.14 by 72 hr ( p Ͻ 0.01 for both). No cells in the CHX-maintained cultures had CM-H 2 DCFDA intensities more than threefold above control average at any time point (Fig. 1 B) . The pH of cells deprived of NGF and exposed for 24 hr to CHX was the same as that of cells maintained in the presence of NGF (Table 1 ; p Ͼ 0.1), indicating that there was no pH-dependent quenching of CM-H 2 DCFDA fluorescence. The average CM-H 2 DCFDA intensity of NGFdeprived, CHX (1 g/ml for 24 hr)-maintained neurons exposed to H 2 O 2 (10 mM) for 30 min was not significantly different from that of NGF-maintained cells exposed to 10 mM H 2 O 2 for the same period (7.4 Ϯ 0.93-and 6.4 Ϯ 1.4-fold increases, respectively; p Ͼ 0.5; n ϭ 33-35 neurons). Therefore, the block of increased CM-H 2 DCFDA fluorescence intensity by CHX could not be explained by CHX-mediated alterations of dye loading or changes in the ability of the dye to fluoresce upon oxidation. The protein synthesis inhibitor anisomycin (100 ng/ml; Franklin and Johnson, 1998) and the transcription inhibitor actinomycin D (100 ng/ml; Franklin and Johnson, 1998) also decreased ROS to near baseline levels in cells deprived of NGF and exposed to these compounds for 24 hr. The average CM-H 2 DCFDA intensity in the anisomycin-exposed cells was 0.22 Ϯ 0.13-fold of NGF control levels ( p Ͼ 0.4 compared with control; n ϭ 35 neurons) and was reduced to Ϫ0.6 Ϯ 0.07-fold of control in the actinomycin D-exposed cells ( p Ͻ 0.001 compared with control; n ϭ 38 neurons). Therefore, inhibition of macromolecular synthesis had potent antioxidant effects on the ROS levels of NGF-deprived cells.
Inhibition of caspase activity also blocks increased ROS levels in glutamate-induced cell death (Tan et al., 1998) . The pancaspase inhibitor boc-aspartyl (OMe)-fluoromethylketone (BAF) has a potent anti-apoptotic effect on NGF-deprived sympathetic neurons (Deshmukh et al., 1996) , indicating that this death is caspase-mediated. To determine whether caspases influenced ROS levels in these cells, we treated cultures from the time of withdrawal with 30 M BAF, a concentration that blocks ϳ80% of apoptotic death for 3 d after deprivation (Deshmukh et al., 1996) . Surprisingly, BAF treatment completely blocked the early ROS burst ( p Ͼ 0.1 compared with control) and greatly reduced, but did not prevent the late burst ( Fig. 1 A,B) . Average CM-H 2 DCFDA intensity peaked at 1.59 Ϯ 0.13-fold above those in control cells 24 hr after deprivation. It then declined to a steadystate level that averaged 0.59 Ϯ 0.05-fold above control levels by 48 hr and 0.38 Ϯ 0.08-fold above control by 72 hr after the withdrawal ( p Ͻ 0.01 compared with control in both cases). Although not as effective as CHX at preventing high CM-H 2 DCFDA intensities, BAF, nevertheless, limited CM-H 2 DCFDA values in NGF-deprived cells to no more than approximately eightfold above average control level. The pH of BAF-saved cells was the same as control cells (Table 1) , and they responded with a similar increase of CM-H 2 DCFDA intensity when exposed to H 2 O 2 (10 mM) for 30 min (6.4 Ϯ 1.4-and 6.3 Ϯ 0.6-fold for control and BAF, respectively; p Ͼ 0.3; n ϭ 35-38 neurons). Therefore, the suppression in CM-H 2 DCFDA intensity by BAF cannot be explained by nonspecific effects of the caspase inhibitor on cellular pH, dye loading, or on the ability of the dye to fluoresce when oxidized. The effect of the pan-caspase inhibitors, z-VAD-fmk (100 M), and VAD-CHO (100 M) on ROS levels was similar to that of BAF. Twenty-four hours after NGF withdrawal, average CM-H 2 DCFDA intensity in z-VADfmk-maintained cells was 0.98 Ϯ 0.24-fold above that of control ( p Ͻ 0.001). This value was well below that of NGF-deprived cells at 24 hr without the inhibitor (Fig. 1 A) . The average CM-H 2 DCFDA intensity at 3 hr after NGF deprivation in VAD-CHO-treated cells was 0.28 Ϯ 0.09-fold of the average intensity in control cells, not significantly different from that of NGFmaintained cells ( p Ͼ 0.2). Twenty-four hr after NGF withdrawal, average CM-H 2 DCFDA intensity in VAD-CHOmaintained cells was 1.98 Ϯ 0.31-fold above that of control cells, well below that of cells deprived without presence of the inhibitor ( p Ͻ 0.001). These data suggest that the early transient ROS burst after NGF deprivation was entirely dependent on caspase activity, whereas the later burst was only partially caspasedependent. Inhibiting protein synthesis with CHX potently suppressed all components of the ROS bursts.
ROS derived from the mitochondrial electron transport chain
The primary source of ROS production in most cells is the electron transport chain of mitochondria (Halliwell and Gutteridge, 1999 ). Electrons can "leak" from this chain to cause a 
Cultures maintained in NGF, deprived of NGF, or deprived of NGF for 24 hr and exposed to medium containing CHX (1 g/ml), BAF (30 M), or L-NAC (30 mM) were loaded with BCECF in the treatment medium. They were then placed in L-15 medium, containing the appropriate treatment, for 490:440 ratio determinations. Cultures treated with antimycin A (1 M), FCCP (5 M), or rotenone (10 M) were deprived of NGF for 24 hr and exposed to the compounds only during BCECF loading and during recording. This acute treatment was done because of potent suppression of protein synthesis by these compounds with long-term treatment ( (Turrens, 1997; Tan et al., 1998) . Acute application of FCCP (5 M) to cultures deprived of NGF for 3-24 hr potently inhibited both the early and late ROS bursts (Fig. 2 A) . ROS levels in BAF-maintained cells peaked 24 hr after NGF deprivation and subsequently declined but stayed above control levels ( Fig. 1 A,B ; p Ͻ 0.01). Acute application of FCCP (5 M), blocked the residual ROS production remaining in BAF-saved neurons 48 hr after NGF removal (Fig. 2 A) , suggesting that even at this time mitochondria were the source of ROS.
As a control, we exposed NGF-deprived (24 hr) neurons loaded with CM-H 2 DCFDA and acutely treated with FCCP (5 M was included in CM-H 2 DCFDA loading medium and in recording medium) to 10 mM H 2 O 2 for 30 min. This treatment increased CM-H 2 DCFDA intensity to that of H 2 O 2 (10 mM)-treated cells deprived of NGF for the same period and not exposed to FCCP (5.9 Ϯ 0.5-fold increase for FCCP; p Ͼ 0.5). There was a significant, acidification of FCCP-treated cells (Table  1) . It was conceivable that this acidification quenched CM-H 2 DCFDA fluorescence (Reynolds and Hastings, 1995) and that H 2 O 2 blocked the quenching by causing the cells to become less acidic. To test this possibility, we measured pH in cells deprived of NGF for 24 hr and acutely exposed to FCCP (5 M was included in BCECF loading medium and in recording medium) and H 2 O 2 (10 mM for 30 min). The BCECF 490:440 ratios in these neurons were not significantly different from those of similar FCCP-treated cells not exposed to H 2 O 2 (Table 1 ; p Ͼ 0.4; n ϭ 24 neurons). Therefore, the H 2 O 2 treatment did not alter cellular pH. These data indicate that the level of acidification caused by FCCP did not quench the dye and that suppression of CM-H 2 DCFDA intensity by FCCP was not caused by nonspecific effects of altered pH. Therefore, attenuation of CM-H 2 DCFDA intensity was probably caused by suppression of mitochondrial ROS production. Because no other treatment reported herein altered cellular pH (except for a small acidification caused by antimycin A; Table 1 ), pH-dependent changes of CM-H 2 DCFDA intensity cannot explain any of the data in this manuscript.
To further explore the role of mitochondria in causing increased ROS levels after NGF deprivation, we used specific inhibitors of electron transport through mitochondrial respiratory complexes. Acute application of the complex 1 (NADH coenzyme Q reductase) inhibitor, rotenone (10 M), almost completely blocked both the early and late ROS bursts (Fig. 2 B) . Rotenone did not affect the ability of H 2 O 2 (10 mM for 25 min) to increase CM-H 2 DCFDA intensity to that measured in cells deprived of NGF for 24 hr and treated for the same time with 10 mM H 2 O 2 (6.6 Ϯ 0.4-fold increase for rotenone; p Ͼ 0.5; n ϭ 23 neurons). Acute application of antimycin A (1 M), a respiratory complex 3 (coenzyme Q-cytochrome c reductase) inhibitor, enhanced the early ROS burst in NGF-deprived cells and also greatly increased ROS in NGF-maintained cells (Fig. 2 B) . It did not influence the late ROS burst ( p Ͼ 0.5).
In the course of doing controls for the experiments described in this report we found that many unrelated compounds suppressed protein synthesis in sympathetic neurons and also inhibited apoptotic death (Table 2 lists some of the compounds that we tested; Martin et al., 1988; Deckwerth and Johnson, 1993; Franklin and Johnson, 1998) . Because CHX blocked the ROS bursts, it was possible that the effects of FCCP and rotenone on the bursts resulted from such a nonspecific effect. Indeed, we found that FCCP (5 M) and rotenone were potent inhibitors of protein Figure 2 . Increased ROS after NGF deprivation derived from the mitochondrial electron transport chain. A, Block of all components of the ROS burst by the protonophore FCCP (5 M) suggested that the ROS derived from the mitochondrial electron transport chain. Cells deprived of NGF for 3, 24, or 48 hr (with 30 M BAF) were exposed to FCCP during the time of CM-H 2 DCFDA loading. FCCP was also included in the recording medium. Data were normalized as in Figure 1 . n ϭ 59 -162 neurons from three to five separate platings. B, Acute effects of rotenone (Rot; 10 M) and antimycin A (Ant A; 1 M) on the ROS bursts at 3 and 24 hr after NGF deprivation. Also shown is the effect of Ant A on ROS in NGFmaintained neurons. Compounds were added to the culture medium during CM-H 2 DCFDA loading and were also included in the recording medium. n ϭ 59 -145 neurons from three platings. C, Time course of suppression of the late ROS burst by CHX (1 g/ml) and NGF (ϩNGF indicates 50 ng/ml NGF here and throughout the manuscript). Either CHX or NGF were added to the culture medium at the indicated times after NGF deprivation. The CM-H 2 DCFDA intensity was then measured at 24 hr after the withdrawal. For the 24 hr time point, CHX or NGF were added during the CM-H 2 DCFDA loading. Data are normalized to average CM-H 2 DCFDA intensity of cells deprived of NGF for 24 hr. n ϭ 87-163 neurons from three platings. synthesis in these cells (Table 2) . However, Figure 2C shows that the effects of FCCP and rotenone on protein synthesis could not explain their effects on the ROS bursts because they suppressed ROS far more quickly than CHX (1 g/ml). Thus, the acute effects of FCCP and rotenone on ROS were not caused by protein synthesis inhibition. These data suggest that most, if not all, of both the early and late ROS bursts were produced by "leakage" from the mitochondrial electron transport chain. Additionally, because block of electron flow through complex 1 decreased ROS, whereas block of flow through complex 3 either increased ROS levels (3 hr after deprivation) or had no effect (24 hr after deprivation), they suggest that the electrons entered the chain at complex 1 and leaked to molecular O 2 to form O 2 Ϫ between complexes 1 and 3 (at coenzyme Q; Dugan et al., 1997; Halliwell and Gutteridge 1999) . The lack of effect of antimycin on the late burst may indicate that ROS production was at a maximum and could not be further increased.
Increased GSH concentration was, at least partially, responsible for the apparent transience of the early ROS burst
It seemed likely to us that the early and late ROS bursts were associated. We hypothesized that the early burst appeared transient not because of a decrease in production of ROS by mitochondria but, rather, because it was masked by an increase in antioxidant defenses by cells (Lin et al., 1995) . Consistent with this hypothesis, Deckwerth and Johnson (1994) reported that GSH concentration increases in these cells after NGF deprivation. Because CM-H 2 DCFDA detects H 2 O 2 , (but not O 2 Ϫ ), which is removed by an enzymatic reaction involving GSH (Royall and Ischiropoulis, 1993; Halliwell and Gutteridge, 1999) , an increase in GSH concentration might account for the apparent transience of the ROS burst. That is, H 2 O 2 production might remain elevated but total cellular H 2 O 2 concentration would decrease because of increased GSH levels. To test this hypothesis, we deprived cells of NGF and, at various times after the deprivation, stained them with the GSH-sensitive dye MCB (Fernandez-Checa and Kaplowitz, 1990; Ratan et al., 1994) . Figure 3A shows that average MCB intensity increased 0.45 Ϯ 0.15-fold above that of NGF-maintained cells by 6 hr after NGF deprivation ( p Ͻ 0.05). The average intensity reached a peak of 0.58 Ϯ 0.10 above control average by 12 hr after NGF removal ( p Ͻ 0.05 compared with control). It then declined somewhat but remained elevated with respect to average control intensity for the entire time course of death. Increased MCB intensity after NGF deprivation was completely blocked in cultures treated with L-buthionine-[S, R]-sulfoximine (BSO; 200 M), a potent, irreversible inhibitor of -glutamylcysteine synthetase, a key enzyme in the GSH biosynthetic pathway (Griffith and Meister, 1979) . A population-based assay for reduced and oxidized glutathione (GSH plus GSSG) showed a similar increase in whole cultures (Fig. 3B) . These findings were consistent with the hypothesis that continued ROS production (O 2 Ϫ ) was masked by a GSHmediated reduction of H 2 O 2 concentration. To further test this hypothesis, we measured the effect of BSO (200 M) on CM-H 2 DCFDA intensity after NGF withdrawal. Figure 3C shows that this treatment prevented the return of ROS levels to baseline. However, average CM-H 2 DCFDA intensity in these cells was not as high as in cells not treated with BSO ( Fig. 1 A) , indicating some suppression of ROS levels by this compound. These data suggest that the early ROS burst appeared transient not because of an actual decrease in ROS production but, at least in part, because elevated GSH concentration decreased H 2 O 2 accumulation.
The late ROS burst occurred at about the same time as cytochrome c release
Exit of cytochrome c from mitochondria into the cytoplasm is central to the apoptotic death of NGF-deprived sympathetic neurons (Deshmukh and Johnson, 1998; Neame et al., 1998; Martinou et al., 1999) . To ascertain the temporal relationship between the ROS bursts and cytochrome c release, we deprived cells of NGF and used immunocytochemistry to determine the time course of cytochrome c redistribution. Figure 4 A shows the three criteria that were used for scoring the status of cytochrome c in these experiments: (1) neurons showing intense punctate staining when viewed by confocal microscopy were scored as having retained at least some cytochrome c in their mitochondria, (2) cells showing no punctate staining when viewed by confocal microscopy were scored as having completely lost cytochrome c from their mitochondria and, (3) cells that exhibited homogeneous cytoplasmic staining when viewed by fluorescence microscopy were scored as having released at least some cytochrome c from mitochondria. The latter neurons tended to stain much more faintly than cells that retained cytochrome c in mitochondria, consistent with reports that cytochrome c rapidly degrades in these cells once it is released into the cytoplasm (Deshmukh and Johnson, 1998; Neame et al., 1998) . Surprisingly, confocal micrographs generally revealed only two mitochondrial staining patterns after NGF deprivation; intense, punctate staining or no staining at all. Intermediate staining patterns were seldom ob- 
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For those compounds that promoted survival, the concentrations shown were the optimal ones. For those that had no significant effect on survival, the concentrations shown were the highest tested. Cells in survival assays were rescued with NGF at 48 or 72 hr after deprivation, and survival was determined by visual inspection several days later. The number in parentheses under "% Synthesis" is the number of hours of exposure. All data are averages from 11-20 cultures from two to four separate platings. ϩ, Delayed death for ϳ1 d; ϩϩ, delayed death for ϳ2 d; ϩϩϩ, delayed death for at least 3 d; NE, no effect; ND, not done. Compounds not discussed in text include: mitochondrial permeability transition inhibitors bongkreckic acid (Henderson and Lardy, 1970) and cyclosporin A (Szabó and Zoratti, 1991) ; iron chelators desferrioxamine mesylate (Halliwell and Gutteridge, 1999) and U74500A (Braughler et al., 1987) ; nitric oxide synthase inhibitors N G -Nitro-L-arginine methyl ester hydrochloride (Crossin, 1991) and N G -Nitro-L-arginine (Dwyer et al., 1991) ; and the antioxidant spin-trap ␣-Phenyl-tert-butylnitrone (Halliwell and Gutteridge, 1999) . Figure 3 . Increased GSH concentration at least partially caused the transience of the early ROS burst. A, Glutathione levels increased within several hours after NGF deprivation. The inhibitor of GSH production, BSO (200 M), blocked this increase. Neurons were deprived of NGF for the indicated times. During the last 30 min of the incubation, cultures were exposed to the GSH-sensitive dye MCB (5 M). Neurons were then viewed with an inverted microscope, and images were captured by a CCD camera. Intensity of MCB staining in single cells was determined with MetaMorph software and is shown as fold change from that of control cells maintained in the presence of NGF. The BSO-treated neurons appeared phase-bright and healthy for the first 12 hr after NGF deprivation. However, by 18 hr, many had died. Data are normalized to MCB intensity of NGF-maintained neurons stained and measured at the same time as the experimental cells. n ϭ 67-137 neurons from three or four separate platings. B, The concentration of GSH plus GSSG in whole cultures increased after NGF deprivation, independently confirming the single-cell results in A. The GSH plus GSSG concentration is shown as fold increase above that measured in NGF-maintained cells sampled at the initial time point. n ϭ 10 -14 cultures from three separate platings. C, Inhibition of the GSH increase by BSO (200 M) at least partially blocked the transience of the ROS burst after NGF deprivation. Data are shown as fold change of CM-H 2 DCFDA intensity in NGF-replete or -deprived neurons exposed to BSO for the indicated times after withdrawal. n ϭ 99 -140 neurons from three or four separate platings. The cultures were maintained continuously in the presence of NGF or in medium containing BAF (30 M) and no NGF for 48 hr. The top cluster of cells is representative of neurons that were scored as having cytochrome c-replete mitochondria, whereas the bottom cluster of cells is representative of those that were scored as having completely lost cytochrome c from mitochondria. B, Time courses of the appearance of homogeneous staining for cytochrome c in the cytoplasm and complete loss of cytochrome c staining in the mitochondria. Scoring for homogeneous cytoplasmic staining for cytochrome c was done, as in A, with fluorescence microscopy. Neurons were scored as having punctate (no cytochrome c release) or homogeneous (Hom; cytochrome c in the cytoplasm) staining by a naive observer. Scoring for complete loss of cytochrome c (None) from mitochondria was done, also as in A, by confocal microscopic imaging of immunostained cells. All cytochrome c loss was blocked by CHX (1 g/ml). BAF concentration was 30 M. n ϭ 292-345 neurons from three separate platings for the different time points for homogeneous staining. n ϭ 169 -287 neurons from three or four platings for complete loss of cytochrome c staining except for the 48 hr CHX treatment where n ϭ 99 from two platings.
served. Using these criteria, we determined the time course of appearance of cytochrome c in the cytoplasm and of complete loss of cytochrome c from the mitochondria after NGF withdrawal (Fig. 4 B) . The time course of the appearance of cytoplasmic staining for cytochrome c was only slightly earlier than that of complete loss from the mitochondria, suggesting that rapid release from the mitochondrial pool was followed by rapid degradation in the cytoplasm. It was not possible to determine cytochrome c status in cells later than 30 hr after NGF deprivation because of extensive cell death. To circumvent complications from cell loss, we maintained cells (alive) with BAF (30 M) and determined the time course of appearance of cytoplasmic cytochrome c staining and of complete loss of cytochrome c from the mitochondria. By 48 hr after NGF deprivation, 94.0 Ϯ 2.7% of BAF-saved cells had no detectable cytochrome c. During the first 30 hr after NGF withdrawal there were no apparent differences in the rate of release in the presence or absence of the caspase inhibitor. Therefore, caspase activity was, apparently, not required for cytochrome c release. The time courses of the late ROS burst and release of cytochrome c into the cytoplasm were nearly identical (Fig. 5) . These data indicate that the period of maximal rate of cytochrome c release coincided with the peak of the late ROS burst.
Effects of CHX and L-NAC on the ROS burst, cytochrome c release, and death were closely correlated
Complete suppression of protein synthesis in NGF-deprived sympathetic neurons in culture with 1 g/ml CHX completely blocks release of cytochrome c from mitochondria. This block appears to be the sole means by which protein synthesis inhibition suppresses apoptosis in these cells because microinjecting cytochrome c into CHX-saved cells causes rapid death (Deshmukh and Johnson, 1998; Neame et al., 1998;  Fig. 4 B) . To determine how closely the abilities of CHX to inhibit protein synthesis, the ROS burst, cytochrome c release, and death were associated, we determined the effects of different concentrations of CHX on these parameters. To circumvent any complications from dying cells in the cytochrome c experiments, we maintained neurons in a viable state with BAF (30 M). Cytochrome c release or retention after 2 d was determined by immunostaining. Other BAF-maintained cultures received the same concentrations of CHX, and BAFinsensitive ROS production was determined during the peak of the late ROS burst, 24 hr after deprivation. There was a close relationship between the concentration-dependent inhibition of the BAF-insensitive ROS burst by CHX, block of cytochrome c release in the BAF-saved cells by CHX, and block of apoptotic death by CHX in NGF-deprived cells without BAF (Fig. 6 A) . Significant inhibition of both death and cytochrome c release occurred when protein synthesis was suppressed to less than ϳ20% of the control rate (300 ng/ml CHX). These values corresponded to Ͼ60% suppression of the BAF-insensitive ROS burst by CHX.
Cytochrome c shuttles electrons from respiratory complex 3 to respiratory complex 4 (cytochrome oxidase) in the mitochondrial electron transport chain. Loss of cytochrome c from mitochondria blocks flow of electrons between these two complexes and, therefore, can enhance ROS production in a manner similar to that of antimycin A treatment (Fig. 2 B; Cai and Jones, 1998). Therefore, it seemed possible that loss of cytochrome c from mitochondria could have caused the BAF-insensitive component of the late ROS burst. The increase in ROS could, thus, have been an epiphenomenon largely irrelevant to apoptotic death. Alternatively, the burst could have been an essential component of apoptosis, even if caused by cytochrome c loss. To determine whether increased ROS production might contribute to apoptosis, we tested the effects of a number of antioxidant compounds on the survival of NGF-deprived cells. All of them, except for two nitric oxide synthase inhibitors, potently blocked apoptosis after NGF withdrawal. However, most of these compounds also potently inhibited protein synthesis (Table 2 ). An exception was the membrane-permeant analog of cysteine, N-acetyl-L-cysteine (L-NAC; Ferrari et al., 1995) . L-NAC did not cause suppression of protein synthesis so it could not have blocked apoptosis of NGFdeprived cells via that mechanism. Therefore, we determined the effects of different concentrations of L-NAC on death of NGFdeprived cells, the ROS burst, and on cytochrome c release in BAF-maintained cells. All three parameters were inhibited by L-NAC (Fig. 6 B) . Exposure of NGF-deprived, L-NACmaintained (30 mM for 24 hr) neurons to H 2 O 2 (30 mM for 20 min) caused an average increase of CM-H 2 DCFDA intensity that was not significantly different from that caused by treating NGFmaintained cells not exposed to L-NAC the same way ( p Ͼ 0.5; n ϭ 35-59 neurons). Therefore, L-NAC did not alter dye loading or the ability of the dye to respond to oxidation. As with CHX, no effect on cytochrome c release or death was observed unless BAF-insensitive ROS production was suppressed by Ͼ60%. N-acetyl-L-alanine (30 mM) had no effect on survival of NGFdeprived cells, indicating that the cysteine thiol was necessary for survival promotion by L-NAC (data not shown). These data and the CHX findings suggest that, whatever the cause of the late ROS burst, it may have been involved in inducing cytochrome c release and death. Ratan et al. (1994) reported that inhibition of protein synthesis by CHX blocks oxidative stress-induced death of cortical neurons in cell culture by shunting cysteine from incorporation into protein to GSH synthesis. To determine whether a similar effect was responsible for the block of the ROS burst by CHX in NGFdeprived sympathetic neurons, we determined relative GSH concentrations in CHX-treated neurons by MCB staining. Neurons were deprived of NGF and maintained for 24 hr in medium containing different concentrations of CHX and BAF (30 M; to Figure 7 . The ability of CHX and L-NAC to block the ROS burst derived from their ability to regulate cellular GSH levels. A, The abilities of different concentrations of CHX and L-NAC to block the ROS burst (CM-H 2 DCFDA intensity) was closely correlated with the ability of these concentrations to increase MCB staining. Cultures were deprived of NGF for 24 hr in medium containing different CHX or L-NAC concentrations and BAF (30 M). The CM-H 2 DCFDA data are from Figure 6 , A and B, and are matched to MCB staining resulting from treatment with the same CHX or L-NAC concentrations. n ϭ 88 -173 neurons from three separate platings. B, Increased MCB staining was caused by increased GSH concentration. The inhibitor of GSH production, BSO (200 M), prevented CHX (1 g/ml) and L-NAC (30 mM) from increasing MCB intensity. Cultures were treated with CHX (18 hr) or L-NAC (24 hr) before MCB staining. n ϭ 77-123 from three separate platings. C, Effects of CHX (1 g/ml) and L-NAC (30 mM) on GSH plus GSSG concentration in whole cultures. Cells were exposed to the compounds in the absence of NGF and BAF for 12 hr. This early time point was chosen to avoid complications from loss of cells caused by the apoptosis that would occur in the absence of BAF (Deckwerth and Johnson, 1993) . Data are normalized to GSH plus GSSG concentration in cultures deprived of NGF without the compounds for the same period. n ϭ 9 -11 cultures from three separate platings for each treatment. Figure 6 . Concentration-dependent block of the late ROS burst by CHX or L-NAC was similar to the concentration-dependent block of cytochrome c release and death by these compounds. A, Block of increased ROS (CM-H 2 DCFDA intensity), cytochrome c release, death, and protein synthesis by the indicated CHX concentrations. The CM-H 2 DCFDA intensity is that of neurons deprived of NGF and maintained in BAF (30 M)-and CHX-containing medium for 24 hr. The data are normalized to average CM-H 2 DCFDA intensity of BAF-saved cells not exposed to CHX. n ϭ 71-141 neurons from three or four separate platings for each concentration. Cytochrome c data are from cells maintained in BAF (30 M) and the indicated CHX concentrations for 48 hr. This time point was chosen because we found no difference in the percentage of release at later time points. Therefore, cells that were going to release cytochrome c had done so by 48 hr after NGF deprivation. Cytochrome c status was determined by confocal microscopy as described in Figure 4 . Data are shown as percentage of cells with no cytochrome c staining. n ϭ 26 -115 neurons from three or four separate platings for each concentration. Death was determined by depriving cells of NGF for 3 d (a time when most NGFdeprived cells have died; Deckwerth and Johnson, 1993) and maintaining them in medium containing the indicated CHX concentrations. Cultures were then returned to NGF-containing medium, and survival was assayed 5-7 d later, as described in Materials and Methods. Death is normalized to the percentage occurring in NGF-deprived cells not exposed to CHX for 48 hr. n ϭ 6 -9 cultures from three separate platings for each concentration. Protein synthesis data are from NGF-maintained cells exposed for 72 hr to the indicated CHX concentrations. Data are normalized to that of NGFmaintained cells not exposed to CHX. n ϭ 26 -32 cultures from three or four separate platings for each concentration. The dose-response curve for suppression of protein synthesis by exposure to these concentrations of CHX for 72 hr is nearly identical to that of cultures exposed to the same concentrations of CHX for 4 hr and 24 hr (Franklin and Johnson, 1998) . B, Block of increased ROS (CM-H 2 DCFDA intensity), cytochrome c release, and death by the indicated L-NAC concentrations. n ϭ 82-154 neurons from three or four separate platings for each concentration. Cytochrome c data are from cells maintained in BAF (30 M) and the indicated L-NAC concentrations for 48 hr. Cytochrome c status, CM-H 2 DCFDA intensity, and death were determined and normalized as described in A. n ϭ 117-176 neurons from three separate platings for each concentration of L-NAC in cytochrome c experiments and 6 -15 cultures from three or four separate platings for each concentration in cell death experiments. Protein synthesis data are from cultures exposed to L-NAC (30 mM) for 24 hr. n ϭ 20 cultures. prevent death at lower CHX concentrations). Figure 7A shows that the effect of these CHX concentrations on the ROS burst was functionally related to the effect of each concentration on MCB staining. Higher MCB intensities correlated with lower CM-H 2 DCFDA intensities. This finding suggests that CHX decreased ROS by increasing cellular GSH. A similar relationship between ROS levels and MCB staining was observed in cultures deprived of NGF and supported for 24 hr in medium containing BAF and different concentrations of L-NAC. Thus, L-NAC also appeared to decrease ROS by increasing GSH. Inhibition of GSH synthesis with BSO (200 M) completely blocked the ability of CHX and L-NAC to increase MCB staining (Fig. 7B) , clearly indicating that both CHX and L-NAC blocked the ROS burst by increasing cellular GSH concentration. Increased glutathione as a function of increased CHX or L-NAC concentrations was independently confirmed by measuring GSH plus GSSG in whole cultures with the glutathione reductase assay (Fig. 7C) . Long-term exposure of NGF-deprived cultures to L-NAC (30 mM) was as effective as CHX (1 g/ml) in causing sustained suppression of ROS (data not shown).
Both CHX and L-NAC blocked the ROS burst by increasing cellular GSH concentration

Increased GSH concentration blocked both apoptotic and oxidative death
In an attempt to ascertain whether upregulation of GSH concentration by CHX and L-NAC was related to block of apoptosis by these compounds, we treated cultures of NGF-deprived neurons maintained by CHX (1 g/ml) or L-NAC (30 mM) with BSO (200 M). This treatment almost completely prevented the ability of both compounds to block death, suggesting the importance of GSH (Fig. 8 A) . However, it remained possible that BSO reduced GSH to levels inconsistent with survival under any circumstance or that it had toxic effects unrelated to prevention of GSH synthesis. Indeed, most cells in NGF-maintained cultures also died after 2 d of treatment with BSO (200 M; Fig. 8 A) . To further explore the role of GSH in survival, we maintained NGF-deprived cultures in medium containing GSH ethyl ester (10 mM), a membrane-permeant form of GSH. This treatment potently inhibited apoptosis and also blocked cytochrome c release (Figs. 8 B, 9C) . Like L-NAC, GSH ethyl ester had little effect on protein synthesis (Table 2) . Because BSO inhibits the synthesis of GSH rather than its activity, treating NGF-deprived neurons saved from death by GSH ethyl ester with BSO should not affect the ability of the GSH to promote survival. Figure 8 B shows that such BSO (200 M) treatment did not significantly alter the GSH ethyl ester block of apoptosis ( p Ͼ 0.1 compared with GSH ethyl ester alone). Therefore, block of survival by BSO was mediated by decreased GSH concentration rather than by nonspecific toxic effects.
To determine whether suppression of protein synthesis by CHX could protect sympathetic neurons from oxidative as well as apoptotic death, we induced oxidative death by incubating cultures in medium containing no added cystine or methionine except for that contained in fetal bovine serum. Such treatment deprives cells of required reducing equivalents for maintaining an antioxidant state (Tan et al., 1998) . Neurons maintained in NGF or deprived of NGF and exposed to BAF (30 M) died within 24 hr after the beginning of this treatment (Fig. 8C) . Cycloheximide (1 g/ml) almost completely prevented this death. Treatment with BSO (200 M) blocked the inhibition of oxidative death by CHX, indicating a requirement for GSH (data not shown). Taken together, these data suggest that increasing cellular GSH levels, by whatever means, potently suppressed both the apoptotic and oxidative death of these cells. L-NAC (20 mM) increased GSH to about the same level as the most potent saving concentrations of CHX (Fig. 7A ) and saved ϳ60% of neurons from death (Fig. 6 B) . Therefore, at least one means by which CHX blocks death of these neurons is via increased cellular GSH concentration.
A pro-oxidant state caused rapid cytochrome c release
The effect of increased GSH concentration on cytochrome c redistribution and death of NGF-deprived neurons along with the close correlation between the time courses of the late ROS burst Figure 8 . Increased GSH concentration blocked apoptosis. A, BSO (200 M) inhibited the abilities of NGF to support survival and of CHX and L-NAC to prevent apoptosis of NGF-deprived cells. n ϭ 9 -13 cultures from three separate platings. B, A membrane-permeant form of GSH, GSH ethyl ester (10 mM), prevented apoptosis after NGF deprivation. Treatment of GSH ethyl ester-saved cultures with BSO (200 M) had little effect on survival, indicating no nonspecific toxic effects of BSO. This concentration of GSH ethyl ester was the optimal survival-promoting concentration tested. n ϭ 9 -12 cultures from three platings. C, CHX (1 g/ml) blocked oxidative death caused by cystine-methionine depletion. Cultures were incubated in medium containing no cystine or methionine except for that contained in 10% added fetal bovine serum. Consistent with an oxidative, rather than an apoptotic death, neurons treated in this manner had a grainy appearance and did not atrophy before death (data not shown). Two bars on the left show data from cells maintained in normal medium. BAF concentration was 30 M. n ϭ 8 -11 cultures from three platings. Cells in A-C received the indicated treatments for 48 hr before NGF rescue.
and cytochrome c release suggested that a pro-oxidant state might be conducive to cytochrome c release in these cells. To more directly determine whether this was the case, we treated cultures maintained with NGF, or deprived of NGF for 24 hr and maintained in medium containing CHX (1 g/ml), L-NAC (30 mM), GSH ethyl ester (10 mM), or BAF (30 M) with H 2 O 2 (10 mM). Immunocytochemistry demonstrated that, in all these culture conditions, treatment with H 2 O 2 for 1 hr caused extensive loss of cytochrome c from mitochondria (Fig. 9A,B) . The mitochondria in cells treated for 1 hr with H 2 O 2 retained a membrane potential (Fig. 9A) as revealed by staining of mitochondria with the membrane potential-dependent dye, Mitotracker Red CMXRos (Neame et al., 1998) . One hundred percent of NGF-maintained neurons (n ϭ 96) and NGF-maintained neurons treated with H 2 O 2 (n ϭ 97) exhibited intense, punctate Mitotracker Red CMXRos staining. Thus, there was no general disruption of mitochondria caused by the H 2 O 2 treatment. NGF-deprived cells maintained by L-NAC for 24 hr and then exposed to 10 mM H 2 O 2 had an average CM-H 2 DCFDA intensity of 30 Ϯ 8% of cells deprived of NGF for the same period. This finding suggests that ROS levels experienced by NGF-deprived cells are sufficient to cause cytochrome c release.
Many NGF-deprived neurons maintained in medium containing CHX, L-NAC, or GSH ethyl ester exhibited fragmented nuclei characteristic of apoptotic death after only 1 hr of H 2 O 2 treatment ( Fig. 9A; 19 , 53, and 44% had apoptotic nuclei respectively; n ϭ 95-165 neurons), suggesting that cytochrome c redistribution induced apoptosis. Consistent with a report showing that cytoplasmic cytochrome c cannot induce apoptosis in these cells when NGF is present (Deshmukh and Johnson, 1998) , none of the NGF-maintained cells treated with H 2 O 2 had apoptotic nuclei (n ϭ 117 cells). No cells maintained in BAF (30 M)-containing medium without NGF (n ϭ 82) had apoptotic nuclei after H 2 O 2 treatment. These data suggest that the cytochrome c released into the cytoplasm of NGF-deprived cells by H 2 O 2 treatment activated caspases. They also suggest that it is the oxidative state of the cell rather than GSH concentration, per se, that regulates cytochrome c release during the apoptotic death of these neurons. Moreover, they demonstrate that a pro-oxidant state caused cytochrome c release when protein synthesis was completely suppressed. Therefore, under these conditions, no newly produced proteins were necessary for cytochrome c redistribution.
The late, but not early, ROS burst appeared to regulate cytochrome c release Greenlund et al. (1995) hypothesized that the early ROS burst occurring in sympathetic neurons after NGF deprivation initiates a sequence of events leading to gene induction. The protein products of this induction then cause apoptotic death. Should this be true, block of ROS production by L-NAC or CHX should block death only if cells are exposed to these compounds during the time of the early ROS burst (3 hr after NGF deprivation). Figure  10 A shows the time courses of the abilities of L-NAC, CHX, and NGF to block death after NGF withdrawal. Both L-NAC and CHX inhibited death almost as effectively when added to the culture medium 6 hr after NGF deprivation as when added at the time of withdrawal. The time course of rescue from death after NGF deprivation for both L-NAC and CHX were nearly identical, suggesting similar mechanisms of action. The time at which 50% of neurons could be rescued from death by addition of these compounds to the culture medium occurred at 19 -20 hr after withdrawal. Fifty percent of neurons deprived of NGF could be rescued by addition of NGF to the culture medium 24 hr after deprivation. Therefore, antioxidant treatment after the end of the early ROS burst was sufficient for block of most apoptotic death. Deshmukh and Johnson (1998) reported that acute addition of NGF to NGF-deprived, BAF-maintained cultures of mouse sym- . Except for the control (ϩNGF ), cultures were deprived of NGF and maintained in medium containing CHX (1 g/ml), L-NAC (30 mM), GSH ethyl ester (10 mM), or BAF (30 M) for 24 hr before H 2 O 2 treatment. Cells were scored as having retained or lost cytochrome c from mitochondria by confocal or fluorescence microscopy as detailed in Figure 4 . n ϭ 64 -186 neurons from three platings. pathetic neurons caused an immediate block of additional cytochrome c loss in those cells. We repeated this experiment in rat sympathetic neurons with similar results. When NGF was added to NGF-deprived, BAF-maintained cultures 18 hr after deprivation, further cytochrome c loss from mitochondria was completely prevented (Fig. 10 B) . However, similar treatment at 18 hr with CHX or L-NAC did not immediately block release. Whereas only 20% of cells had lost cytochrome c staining by 18 hr after deprivation, ϳ60% of cells exposed to CHX or L-NAC at this time had lost cytochrome c staining by 48 hr after withdrawal. Figure 10C shows that the time course of the loss of the abilities of both CHX and L-NAC to block cytochrome c release after NGF withdrawal were nearly identical. Both compounds blocked loss of cytochrome c in ϳ50% of NGF-deprived neurons when added to the culture medium 18 hr after withdrawal, whereas readdition of NGF blocked loss from ϳ50% of neurons 24 hr after withdrawal. Thus, the abilities of CHX, L-NAC, and NGF to block cytochrome c loss from NGF-deprived cells correlated closely with their abilities to block death. The inability of CHX to cause immediate block of cytochrome c release may have been related to the time required for it to upregulate GSH and block the ROS burst (Fig. 2 B) . Nerve growth factor blocked cytochrome c release immediately, whereas its antioxidant effects took as long to develop as those of CHX. Thus, NGF must have blocked through mechanisms other than, or in addition to, antioxidant effects.
The data presented to this point suggested that the late ROS burst was involved in inducing cytochrome c redistribution in these cells. The potent, GSH-dependent, survival-promoting effects of protein synthesis suppression on apoptotic and oxidative death along with the antioxidant block of cytochrome c release in apoptosis suggested that much of the anti-apoptotic effect of CHX was mediated via antioxidant effects rather than by inhibition of production of pro-apoptotic proteins (Martin et al., 1988) . Consistent with this hypothesis, the ability of CHX to inhibit ROS production after NGF deprivation diminished after several days of exposure to CHX (Fig. 1 A,B) , and neurons began to die (Fig. 11 A) . On the third day after deprivation in the presence of Figure 10 . The late, but not early ROS burst appeared to regulate cytochrome c release. A, The time course of rescue from death induced by NGF deprivation was nearly identical for CHX (1 g/ml) and L-NAC (30 mM). Either CHX, L-NAC, or NGF were added back to NGF-deprived cultures at the indicated times. Seventy-two hours after the initial withdrawal all media were replaced with NGF-containing medium, and the neurons were allowed to recover for at least 5 d before survival was determined. Data are normalized to the maximal block of death by each agent when it was added at the time of deprivation. n ϭ 9 -11 cultures from three separate platings for CHX and L-NAC. The rescue time course for NGF was similar to that reported by Deckwerth and Johnson (1993) for these cells and was, therefore, repeated only once. n ϭ 3-16 cultures for each time point. B, Addition of NGF, but not CHX (1 g/ml) or L-NAC (30 mM), to NGF-deprived cells immediately blocked cytochrome c release. Cultures were deprived of NGF and maintained in BAF (30 M)-containing medium for 18 hr. At this time, medium containing BAF and either CHX, L-NAC, or NGF was added to the cultures. Forty-eight hours after the initial withdrawal, cultures were immunostained, and percentage of cells exhibiting complete loss of cytochrome c was determined as in Figure 4 The ability of CHX (1 g/ml) to block apoptosis appeared to decrease with time. Cultures for survival experiments were deprived of NGF and maintained for 3 or 7 d in the presence of CHX. Medium was then replaced with one containing NGF, and survival was assayed by blinded counting several days later. n ϭ 8 -13 cultures from three platings. For determination of the status of the nucleus, neurons maintained for 3 or 7 d in CHX-containing medium were fixed and stained with bisbenzimide (10 g/ml TBS buffer for 30 min). Cells were scored as having fragmented, apoptotic nuclei or as having no visible nuclei (ghost cells) as described by Edwards and Tolkovsky (1994) . n ϭ 398 -469 neurons from three platings.
CHX, 87 Ϯ 7% of neurons could be rescued by NGF. By the seventh day only 23 Ϯ 5% could be rescued. Few CHX-treated neurons exhibited nuclei characteristic of apoptosis 3 d after NGF deprivation, but by 5 d after withdrawal, 47 Ϯ 7% of cells had fragmented or missing nuclei, suggesting that the death was apoptotic (Fig. 11 B) . Because the concentration of CHX (1 g/ml) used in these experiments causes complete, long-term block of protein synthesis in sympathetic neurons (Franklin and Johnson, 1998) , apoptosis occurred in these cells with no new protein production. These data suggest that protein synthesis suppression by CHX blocked apoptosis caused by NGF deprivation, at least in part, via the antioxidant effects of GSH upregulation.
DISCUSSION
Evidence suggests a role for redox state in the apoptotic death of many, but not all, cell types (Hockenbery et al., 1993; Kane et al., 1993; Jacobson and Raff, 1995; Beal et al., 1997; Polyak et al., 1997; Tan et al., 1998) . We conducted a study of the role of ROS in the apoptotic death of NGF-deprived sympathetic neurons in cell culture. Increased ROS production occurred within 3 hr of NGF withdrawal (Fig. 12) . The pan-caspase inhibitor BAF completely blocked this increase. Between 3 and 12 hr after NGF deprivation, ROS production appeared to decline to basal, or lower, levels. This decrease was caused, at least in part, by decreased H 2 O 2 levels secondary to increased GSH concentration rather than to an actual reduction of ROS production. A further increase of ROS began ϳ12 hr after NGF. This second burst had both BAF-sensitive and -insensitive components, suggesting caspase-dependent and -independent ROS production. Because GSH levels increased within a few hours after NGF deprivation and remained elevated for the entire time course of apoptosis, an additional increase of ROS production must have caused the late burst rather than a decrease in cellular antioxidant capabilities. Uncoupling of oxidative phosphorylation with the protonophore FCCP blocked all components of the ROS bursts, suggesting that the ROS derived from the mitochondrial electron transport chain. The inhibitor of respiratory complex 1, rotenone, also blocked all components of the ROS bursts, whereas the complex 3 inhibitor, antimycin A, augmented ROS. These data suggest the ROS derived from electrons that leaked to O 2 to form O 2 Ϫ between respiratory complexes one and three.
Sources of increased ROS production
The late ROS burst was concurrent with release of cytochrome c. Because much of this burst was BAF-sensitive, it probably lay downstream of cytosolic caspase activity induced by the discharged cytochrome c. How caspases may have caused increased mitochondrial ROS production is unknown. It is possible that loss of outer mitochondrial membrane barrier function concurrent with cytochrome c release allowed activated caspases to enter the mitochondrial intermembrane space and affect components of the respiratory complexes. Alternatively, caspases may have activated one or more cytosolic factors that increased mitochondrial ROS production (Tan et al., 1998) . The early ROS burst was, evidently, completely dependent on caspase activity but occurred long before any apparent cytochrome c redistribution. Recent evidence shows that many caspases are found in mitochondria as well as the cytosol (Mancini et al., 1998; Krajewski et al., 1999; Samali et al., 1999; Susin et al., 1999) . A cytochrome c-independent, Bcl-2-regulated caspase-3 localized to mitochondrial membranes was recently described, demonstrating that alternate pathways for activation of caspases in subcellular organelles do exist (Krebs et al., 1999) . Such a caspase may have caused the early increase of mitochondrial ROS production in NGF-deprived sympathetic neurons reported here.
A possible cause of the late, BAF-insensitive ROS was a shift of mitochondria from four-electron reduction of O 2 to one-electron reduction subsequent to cytochrome c release (Cai and Jones, 1998) . Such a shift could cause elevated O 2 Ϫ production secondary to increased leakage of electrons from the electron transport chain. However, the peak of the late burst coincided with the appearance of cytochrome c in the cytoplasm but preceded total depletion from mitochondria. After complete loss, BAFinsensitive ROS production greatly declined rather than increased. This finding suggests that leakage of electrons from mitochondria depleted of cytochrome c did not make a major contribution to the BAF-insensitive ROS burst.
The role of ROS and GSH in cytochrome c release
Treatment of neurons with H 2 O 2 caused rapid redistribution of cytochrome c from mitochondria into the cytoplasm. This finding demonstrates that a pro-oxidant state can cause cytochrome c release in these cells and suggests that increased ROS in NGFdeprived neurons may have induced release. The membranepermeant analog of cysteine, L-NAC, blocked ROS, death, and cytochrome c release at similar concentrations, supporting this hypothesis. The block of ROS by L-NAC was mediated by increased GSH concentration. Further supporting a role for cellular redox state in regulating cytochrome c redistribution, a membrane-permeant form of GSH potently blocked both cytochrome c release and apoptosis. Ϫ to H 2 O 2 . By 6 hr after deprivation GSH concentrations increased, masking continued increased production of O 2 Ϫ and H 2 O 2 . Later than 12 hr after NGF withdrawal a further increase of ROS production occurred. This burst had both caspase-dependent and independent components. The late increase of ROS production appeared to promote cytochrome c release.
Inhibition of protein synthesis by CHX blocked increased ROS, cytochrome c release, and death after NGF deprivation. An increase in cellular GSH concentration caused by CHX was responsible for suppressing ROS. Like L-NAC, similarity in the concentration-dependent effects of CHX on ROS, cytochrome c release, and death suggested that CHX blocked apoptosis, at least partially, via an antioxidant effect on cytochrome c release. The time course for block of death and cytochrome c redistribution by CHX and L-NAC were nearly identical. Acute addition of NGF immediately blocked cytochrome c release in cells deprived of NGF. However release continued for a while after the addition of CHX or L-NAC to NGF-deprived neurons. The time course for loss of the abilities of CHX or L-NAC to block cytochrome c release began several hours before the peak of the late ROS burst (Figs. 5, 10C ). Addition of CHX to NGF-deprived neurons did not immediately block the burst. Rather, several hours were required for full block (Fig. 2 B) . Lack of the ability of CHX to immediately block cytochrome c release may have resulted, at least in part, from the slow effect of CHX on ROS. The NGF block of cytochrome c release must have occurred via another mechanism as NGF treatment took as long as did CHX to block the late ROS burst in NGF-deprived neurons, yet immediately blocked cytochrome c release. Greenlund et al. (1995) proposed that the early burst of ROS production occurring after NGF withdrawal from sympathetic neurons contributes to death by causing induction of proapoptotic genes (Martin et al., 1988; Estus et al., 1994) . Consistent with a role for the early ROS burst in death, microinjection of superoxide dismutase inhibits death only if done during the period of the early burst (Greenlund et al., 1995) . However, we found that CHX and L-NAC blocked most apoptotic death when added long after this time. Additionally, although BAF completely blocked the early ROS burst, it did not affect the rate of cytochrome c release. Because blocking protein synthesis prevents apoptosis in these cells solely by block of cytochrome c redistribution (Deshmukh and Johnson, 1998) , this finding seems to indicate that the early ROS burst was irrelevant for apoptosis, controverting the findings of the previous report. Moreover, O 2 Ϫ production was not transient, making it unclear why injection of superoxide dismutase early after NGF deprivation should promote survival whereas later injection did not.
The ability of CHX to act as an antioxidant decreased with time, and neurons maintained for several days in the presence of CHX died with apoptotic characteristics. Because the concentration of CHX used in these experiments causes complete, longterm block of protein synthesis in these cells (Franklin and Johnson, 1998) , production of new protein could not have been required for the death. These data further suggest that suppression of protein synthesis by CHX is anti-apoptotic, at least in part, because of antioxidant effects. However, CHX was a significantly more potent anti-apoptotic agent than was L-NAC, although L-NAC (30 mM) increased GSH concentration much more than CHX (Figs. 6 A,B, 7A,C) . These data suggest that CHX had death-suppressant effects in addition to those resulting from increased GSH concentration. Therefore, our data do not completely preclude a role for de novo protein synthesis in the death of these cells. However, the data do seem to indicate that the early ROS burst was not involved in inducing production of proapoptotic proteins.
How redox state may regulate cytochrome c release is unknown. Both inhibition of protein synthesis and deletion of the pro-apoptotic protein BAX block apoptosis of NGF-deprived mouse sympathetic neurons solely by preventing cytochrome c release Deshmukh and Johnson, 1998) . Inhibition of protein synthesis hinders association of BAX with mitochondria in these cells (Putcha et al., 1999) . Therefore, one possible explanation for the effects of redox state on cytochrome c release was that it regulated association of BAX with the mitochondria. Such association could, ostensibly, lie downstream from redox-sensitive signaling pathways (Yan and Greene, 1998; Tournier et al. 2000) . Alternatively, BAX could have been responsible for causing the late ROS burst. Events downstream from the ensuing pro-oxidant state, possibly oxidation of critical thiols in mitochondrial proteins (Marchetti et al., 1997) , might then have caused release.
In conclusion, we present evidence suggesting that increased ROS levels after withdrawal of NGF from sympathetic neurons promoted release of cytochrome c from mitochondria in these cells. Cytoplasmic cytochrome c, in turn, activated caspases that further increased mitochondrial ROS production. We also present data suggesting that much of the effect of protein synthesis inhibition on apoptosis of NGF-deprived sympathetic neurons may be mediated via an antioxidant block of cytochrome c release. Many diseases are associated with increased free radical production (Halliwell and Gutteridge, 1999) . Should the findings reported here be applicable to other cell types, it is possible that free radicals contribute to pathological states, at least in part, by causing release of cytochrome c from mitochondria.
